Introduction {#S1}
============

The CST is present in all mammals and originates from the pyramidal CSNs in layer V of the cerebral cortex that project through the brainstem to the spinal cord. The CST fibres descend through the ventral brainstem in the medullary pyramids where the main component of the CST decussates at the spinomedullary junction to form the dorsal CST (dCST) which runs in the ventral portion of the contralateral dorsal funiculus [@R1]. There are also two minor components of the CST; the ventral CST (vCST) that does not decussate and runs through the ipsilateral ventromedial funiculus [@R2],[@R3] and the dorsolateral CST (dlCST) that is comprised of decussated fibres that run in the contralateral dorsolateral white matter [@R3],[@R4]. The CST is primarily a descending motor pathway that controls locomotion, posture and voluntary skilled movements especially in the distal component of the limbs [@R5]. Following injury to the rodent CST, persistent deficits in sensorimotor control are observed and restorative strategies are often assessed using behavioural tests of sensorimotor and skilled motor function [@R5]-[@R8]. The rodent CST provides an invaluable model for studying the biological and plastic processes that occur following SCI and to assess the regenerative capacity of potential therapeutic strategies.

Recombinant AAV vectors and integration-deficient lentiviral vectors are among the most promising therapeutic delivery systems for gene therapy to the CNS. Lentiviral vectors can provide long-term gene expression via integration into the host cells\' genome. However, integration into active gene loci [@R9] can result in insertional mutagenesis, the activation of proto-oncogenes [@R10],[@R11] and the formation of cancers in both mouse models and human clinical trials [@R12]-[@R14]. To circumvent this, integration-deficient lentiviral vectors have been generated by mutating the integrase coding sequence, resulting in the expression of the transgene at the episomal level [@R15]. Integration-deficient lentiviral vectors can be produced at high titres and express a transgene at a level comparable to vectors incorporating the wild-type integrase [@R15]. Robust and stable expression of GFP has been observed for at least nine months in post-mitotic cells including striatal and hippocampal neurons *in vivo* [@R15]. Recently a study by Rahim et al., (2009) has shown the efficient transduction of corticospinal and rubrospinal neurons and their fibres in the spinal cord [@R16]. Integration-deficient lentiviral vectors show great potential as a safe and efficient means of transducing neurons *in vivo*. AAV vectors represent one of the most attractive gene delivery systems for the CNS due to their ability to efficiently transduce neurons and to provide long-term gene expression in post-mitotic cells with only a minimal immune response [@R17],[@R18]. AAV vectors have one of the best characterised safety profiles and have been taken to clinical trial for a number neurodegenerative diseases [@R19],[@R20]. AAV serotypes express different capsid proteins that determine which receptors the AAV vector can bind to for cell entry and therefore establishes the AAV vector\'s tropism [@R21]. Pseudotyping AAV2 with the capsid from different AAV serotypes can generate vectors with different tissue and cellular tropisms, which can improve the efficiency and pattern of transduction in specific regions of the CNS [@R22]-[@R24].

Optimising the transduction of supraspinal neurons that project to the spinal cord could facilitate the design of future gene therapy strategies to treat SCI. The overexpression of pro-regenerative genes including RARbeta2 and NCS1 have been shown to enhance the intrinsic growth state of CSNs and facilitate axonal regeneration following a SCI *in vivo* [@R25],[@R26]. In addition, knocking out genes that suppress axon growth such as KLF-4 and PTEN can also augment the regenerative response of injured optic nerve and CSN axons *in vivo* [@R27]-[@R29]. Alternatively, another application of viral vectors could be the overexpression of neurotrophic factors, which have also been shown to increase axon regeneration. Two studies have previously demonstrated that AAV2-mediated expression of brain-derived neurotrophic (BDNF) factor in rubrospinal tract (RST) neurons can reverse the atrophy of injured neurons and promote the expression of regeneration associated genes following SCI [@R30],[@R31]. Furthermore, a recent study has demonstrated that transduction of rubrospinal or corticospinal neurons with AAV5 can result in the anterograde axonal transport of the therapeutic gene product glial cell derived neurotrophic factor (GDNF) to the injury site [@R32]. This indicates that AAV transduction of the CST could promote sprouting and regeneration from the surrounding intact and injured neuronal tracts following a SCI. Lentiviral vectors have also been used to evaluate potential treatments to enhance regeneration of the RST or CST following SCI [@R25],[@R26],[@R31],[@R33],[@R34].

Until recently the transduction properties of different AAV serotypes had not been investigated for the supraspinal neurons that project to the spinal cord via the RST and CST. AAV2 and AAV5 had previously been shown to transduce neurons in the red nucleus[@R30]-[@R32]. However, it wasn\'t until recently that a comprehensive analysis of the cellular tropism and transduction properties of seven AAV serotypes in the adult rat red nucleus was completed [@R35]. In addition two studies have recently reported that AAV1 and AAV5 can transduce CSNs in the sensorimotor cortex that project axons that form the CST in the spinal cord, however neither of these studies systematically compared the transduction properties of different AAV serotypes or retrogradely traced the CST to specifically label the CSNs [@R32],[@R36]. To date there has not been a comprehensive assessment of the transduction properties of AAV serotypes in the sensorimotor cortex, or evaluation of AAV vector tropism for the CSNs which form the CST.

Therefore in the present study we compared the transduction properties of seven AAV vectors and an integration-deficient lentiviral vector with the primary aim of identifying which viral vector most efficiently transduces CSNs following injection into the rat sensorimotor cortex.

Results {#S2}
=======

Tropism and efficiency of seven AAV serotypes and a lentiviral vector at transducing cortical neurons {#S3}
-----------------------------------------------------------------------------------------------------

Viral vectors were injected unilaterally into the sensorimotor cortex ([Figure 1A](#F1){ref-type="fig"}). The mean number of transduced cortical neurons was determined eight weeks post-injection. Quantification revealed a statistically significant difference in the number of transduced neurons between the viral vectors (df = 7(16), *F* = 26.61, *P* \< 0.001, one-way ANOVA, *n* = 3/group). AAV1 transduced the highest number of neurons (9650±570 transduced neurons) ([Figure 2A, B and C](#F2){ref-type="fig"}) and Tukey post-hoc tests revealed that AAV1 transduced a significantly higher number of neurons compared to the other AAV serotypes or the lentiviral vector (\* *P* \< 0.05) ([Figure 2A](#F2){ref-type="fig"}). AAV5 transduced the second highest number of neurons (5750±1080 transduced neurons) ([Figure 2A and C](#F2){ref-type="fig"}), which was significantly higher than the other AAV serotypes (\* *P* \< 0.05) except for AAV1 and the lentiviral vector (*P* \> 0.05). AAV2, 6, 8 and the lentiviral vector all demonstrated moderate levels of neuronal transduction and AAV3 and 4 showed low levels of neuronal transduction ([Figure 2A, C](#F2){ref-type="fig"}). Tukey post-hoc tests showed that compared to each other these viral vectors did not have statistically different levels of neuronal transduction (*P* \> 0.05).

Mean area of transduction per section {#S4}
-------------------------------------

The mean area of transduction per section in the injected cortex was measured for each viral vector by outlining the area containing GFP-positive cells, in one series of stained tissue per rat. Quantification demonstrated a significant difference in the mean area of transduction per section between the viral vectors (df = 7(16), *F* = 15.64, *P* \< 0.001, one-way ANOVA, *n* = 3/group). AAV1 transduced the largest area (1.36±0.1 mm^2^) and Tukey post-hoc tests demonstrated that AAV1 transduced a significantly larger area of cortex per section compared to all the other viral vectors (\* *P* \< 0.05) ([Figure 3A](#F3){ref-type="fig"}). AAV5 transduced the second largest area of cortex per section (0.76±0.1 mm^2^), which was significantly larger than the area per section transduced by AAV2, 3 and 4 (\* *P* \< 0.05) ([Figure 3A](#F3){ref-type="fig"}). There was no statistically significant difference in the mean area of transduction per section between any of the other viral vectors (*P* \> 0.05).

Mean GFP intensity per transduced neuron {#S5}
----------------------------------------

The mean GFP intensity per transduced neuron was calculated by measuring the GFP intensity in the cell soma of twenty randomly selected, transduced cells per section, in one series of stained tissue per rat. Quantification revealed there was no significant difference in the mean GFP intensity per transduced cell between the different viral vectors (df = 7(16), *F* = 2.44, *P* \> 0.05, one-way ANOVA, *n* = 3/group) ([Figure 3B](#F3){ref-type="fig"}).

Efficiency of seven AAV serotypes and a lentiviral vector at transducing CST projecting corticospinal neurons {#S6}
-------------------------------------------------------------------------------------------------------------

Following completion of the intracortical vector injections, rats received bilateral injections of the retrograde tracer Fast Blue between the C1/C2 spinal segments to label the CSNs ([Figure 1A and B](#F1){ref-type="fig"}). Eight weeks post-injection the mean number of transduced CSNs was determined ([Figure 4A and C](#F4){ref-type="fig"}). Quantification revealed a significant difference in the number of transduced CSNs between the viral vectors (df = 7(16), *F* = 33.47, *P* \< 0.001, one-way ANOVA, *n* = 3/group). AAV1 transduced the highest number of CSNs (180±10 transduced CSNs) and Tukey post-hoc tests revealed that AAV1 transduced a significantly higher number of CSNs than the other viral vectors (\*\*\* *P* \< 0.001) ([Figure 4A](#F4){ref-type="fig"}). AAV2 and AAV8 transduced moderate numbers of CSNs (AAV2, 60±10; AAV8 60±15 transduced CSNs), Tukey post-hoc analysis showed that AAV2 and 8 transduced significantly higher numbers of CSNs than AAV3, 4 and the lentiviral vector (\* *P* \< 0.05) ([Figure 4A](#F4){ref-type="fig"}). There was no statistical significance between any of the other viral vectors. The percentage transduction efficiency for CSNs was then calculated for each viral vector relative to the total number of retrogradely labelled CSNs in the injected cortex. Quantification revealed a significant difference between the viral vectors (df = 7(16), *F* = 8.92, *P* \< 0.001, one-way ANOVA, *n* = 3/group). AAV1 had the highest transduction efficiency for CSNs (4.8±0.6 % of the total retrogradely labelled CSNs) and transduced a significantly higher percentage of CSNs compared to all the other viral vectors (\* *P* \< 0.05) ([Figure 4B](#F4){ref-type="fig"}). There was no statistically significant difference between any of the other viral vectors (*P* \> 0.05). The percentage transduction for CSNs within the region of transduction was also calculated for each viral vector. Again a significant difference between the groups was observed (df = 7(16), *F* = 19.58, *P* \< 0.001, one-way ANOVA, *n* = 3/group). AAV1 transduced a significantly higher percentage of CSNs (28±2 % of the CSNs within the area of transduction) compared to the other viral vectors (\*\*\* *P* \< 0.001) ([Figure 4B](#F4){ref-type="fig"}). AAV2 and AAV8 transduced a significantly higher percentage of CSNs compared to AAV3, 4 and the lentiviral vector (\* *P* \< 0.05) and AAV5 transduced a significantly higher percentage compared to AAV3 (\* *P* \< 0.05) ([Figure 4B](#F4){ref-type="fig"}).

GFP-positive fibres were observed in the dorsal CST of the cervical spinal cord {#S7}
-------------------------------------------------------------------------------

The mean number of GFP-positive fibres was calculated by counting the number of GFP positive fibres in the dCST contralateral to the injected hemisphere for each viral vector (Figures [1C](#F1){ref-type="fig"} and [5A, B and C](#F5){ref-type="fig"}). Quantification revealed that there was a significant difference in the number of GFP-positive fibres between the different viral vectors (df = 7(16), *F* = 6.74, *P* \< 0.001, one-way ANOVA, *n* = 3/group). Rats injected with AAV1 had the highest number of GFP-positive fibres in the dCST (38±6 GFP-positive fibres) ([Figure 5A and C](#F5){ref-type="fig"}). Tukey post-hoc tests showed that AAV1 injected rats had significantly higher numbers of GFP expressing fibres in the dCST compared to the other viral vectors (\* *P* \< 0.05) ([Figure 5A](#F5){ref-type="fig"}). A transverse section at the spinomedullary junction of an AAV1 injected rat shows a GFP-positive fibre decussating from the ipsilateral ventral medullary pyramid across the midline and dorsally to the contralateral dCST ([Figure 6A, B](#F6){ref-type="fig"}). Transduced fibres can also be observed running through the dCST when the cervical cord was cut in a horizontal plane ([Figure 6C and D](#F6){ref-type="fig"}). However, no GFP-positive fibres were observed in the dCST of the thoracic or lumbar spinal cord ([Figure 6E, F](#F6){ref-type="fig"}). Rats injected with AAV serotypes 2, 5, 6 and 8 had moderate numbers of GFP-positive fibres in the dCST, while rats that were injected with lentiviral vector had low numbers ([Figure 5A, C](#F5){ref-type="fig"}) and rats transduced with AAV serotypes 3 and 4 did not exhibit any GFP-positive CST fibres in the spinal cord ([Figure 5A, C](#F5){ref-type="fig"}). There was no statistically significant difference in the number of GFP-positive fibres between any of the other viral vectors (*P* \> 0.05). GFP-positive axonal collaterals from the dCST could also be observed projecting into the grey matter (see [Figure 5C](#F5){ref-type="fig"} AAV5 and AAV6 and [Figure 6D](#F6){ref-type="fig"} for examples). When the viral vectors were compared a significant, positive correlation (*P* \< 0.001, R^2^ = 0.88) was observed between the number of transduced CSNs and the number of GFP positive CST fibres ([Figure 5B](#F5){ref-type="fig"}).

Tropism and efficiency of seven AAV serotypes and a lentiviral vector at transducing astrocytes {#S8}
-----------------------------------------------------------------------------------------------

The number of transduced astrocytes was quantified by counting the number of GFP expressing, GFAP immunopositive cells in the cerebral cortex of the viral injected hemisphere ([Figure 7D](#F7){ref-type="fig"} arrow). AAV serotypes 1, 2, 5, 6, 8 and the lentiviral vector demonstrated low levels of astrocyte transduction, while AAV3 and 4 did not transduce any astrocytes ([Figure 7A](#F7){ref-type="fig"}). Statistical analysis showed that there was a significant difference in the number of transduced astrocytes between the viral vectors (df = 7(16), *F* = 4.0, *P* \< 0.01, one-way ANOVA, *n* = 3/group). Tukey post-hoc tests revealed that AAV1 and the lentivirus transduced significantly higher numbers of astrocytes compared to AAV3 or AAV4 (\* *P* \< 0.05) ([Figure 7A](#F7){ref-type="fig"}), however there was no significant difference between any of the other viral serotypes (*P* \> 0.05) ([Figure 7A](#F7){ref-type="fig"}). Enhanced GFAP staining, representing astrogliosis was observed along the needle track ([Figure 7B and C](#F7){ref-type="fig"} arrows).

Microglial response following cortical transduction with AAV and lentiviral vectors {#S9}
-----------------------------------------------------------------------------------

The microglial response was determined by calculating the number of Iba1 immunoreactive cells in an area of transduction relative to the same location in the uninjected contralateral hemisphere. Iba1 is a protein specifically expressed by microglia and is upregulated following the activation of these cells [@R37]. There was no observable difference in the Iba1 staining between the injected or uninjected hemispheres ([Figure 8A, B and C](#F8){ref-type="fig"}). Quantification revealed that there was no statistically significant difference in the relative number of microglia between any of the viral vectors (df = 7(16), *F* = 1.07, *P* \> 0.05, one-way ANOVA, *n* = 3/group) ([Figure 8E](#F8){ref-type="fig"}). However, enhanced Iba1 staining indicating microglial activation was observed along the needle track ([Figure 8A](#F8){ref-type="fig"} arrow, D).

Cellular tropism of AAV8 {#S10}
------------------------

AAV8 transduced a number of unidentified cells in the white matter of the corpus callosum ([Figure 9A](#F9){ref-type="fig"}). These cells were not neurons, astrocytes or microglia as they were negative for any of the staining previously performed. Their location in the white matter tract, size and morphology was consistent with an oligodendrocyte phenotype. Subsequently, tissue sections transduced with AAV8 were stained for oligodendrocytes using an APC antibody, which stains the oligodendrocyte cell body. We observed dual reactive cells (arrows [Figure 9B](#F9){ref-type="fig"}) indicating that some of the GFP-positive cells are oligodendrocytes. However, the relatively high background staining of the APC antibody unfortunately precluded reliable quantification of the number of transduced oligodendrocytes.

Discussion {#S11}
==========

AAV serotypes possess different cellular tropisms in the CNS [@R22]. Characterising the tropism of different AAV serotypes is a key step to targeting gene therapy and the analysis of gene function in specific cell populations and regions of the CNS. In the present study the cellular tropism and transduction efficiency of seven AAV serotypes and an integration-deficient lentiviral vector was investigated, following injection into the rat sensorimotor cortex.

AAV1 and AAV5 transduced the largest number of neurons, which could be due to a greater tropism for cortical neurons and/or a wider diffusion of these AAV serotypes. We measured the mean area of transduction per section and found that AAV1 and AAV5 transduced the largest and second largest area of cortex respectively. We also measured the mean GFP intensity per cell and found no significant difference between any of the viral vectors. Together, these results suggest that AAV1 and AAV5 are able to diffuse further than the other viral vectors. However, this is based on the assumption that the area of tissue containing GFP-positive cells is an indication of vector diffusion, whereas it might be argued that this is confounded by the tropism of the vector. Overall, the area of transduction per section appeared visually similar to a previous study that had injected an AAV5 into the adult rat cortex [@R32]. The number of transduced cells might be enhanced further by increasing the viral titre, the volume of vector injected, or the use of a pressure-assisted injection procedure such as convection-enhanced delivery [@R38]. Our findings are consistent with previous reports that have demonstrated that AAV1 and 5 have a higher transduction efficiency over a larger volume in the rodent brain when compared to AAV2 [@R39]-[@R41]. In the present study AAV8 transduced significantly fewer neurons than AAV1 and 5, however at high titres AAV8 has been previously shown to transduce large brain volumes equal to AAV5 in the mouse striatum [@R42] and high numbers of neurons in the red nucleus [@R35]. The possible reasons for this disparity could be that AAV8 has a reduced tropism for cortical neurons or due to differences in viral titre. AAV3 and 4 transduced the lowest numbers of cortical neurons, which is consistent with their transduction properties in the red nucleus [@R35]. The integration-deficient lentiviral vector transduced a moderate number of cortical neurons. However, the level of GFP expression looked less than reported by a recent study by Rahim et al., (2009), unfortunately this study did not quantify the number of transduced neurons in the adult sensorimotor cortex making a direct comparison difficult [@R16].

Following the viral vector injections into the sensorimotor cortex, rats received intraspinal injections of the retrograde tracer Fast Blue into the cervical spinal cord to label the CSNs that project to the CST. AAV1 was the most effective vector at transducing CSNs; AAV1 transduced 4.8 % of all the retrogradely labelled CSNs in the injected cortex and 28 % of the CSNs within the area of transduction. This result is consistent with a recent study, which used AAV1 to effectively transduce layer V neurons, although this study did not specifically label the CSNs [@R36]. In the present study only low to moderate transduction was observed with AAV5, even though large numbers of cortical neurons were transduced. Conversely a previous study reported a high level of CSN transduction using AAV5 [@R32]. However, unlike the present study, the level of transduction was not quantified and the CSNs were not specifically labelled making a comprehensive comparison difficult. Here the lentiviral vector transduced a low number of CSNs, however a recent study that also used integration-deficient, VSV-G pseudotyped lentiviral vectors to transduce CSNs combined with specifically labelling the CSNs with the retrograde tracer FluoroGold reported a higher level of CSNs transduction (approximately 20 % of the retrogradely labelled CSNs in the region of transduction) [@R16]. In addition, a recent study by Yip et al., (2010) that used integration-proficient lentiviral vectors has also reported extensive transduction of the CSNs with high numbers of GFP-positive fibres in the dCST [@R26]. Potential reasons for the differences between these studies and our own include the promoter used; both studies used the spleen focus-forming virus (SFFV) promoter to drive GFP expression whereas in the present study a CMV promoter was used, viral titre, injection location, post-injection incubation time, the vector\'s ability to integrate or the retrograde tracer.

We then investigated whether the CSN axons that project through the dCST of the spinal cord were GFP-positive. AAV1 transduced rats had the highest number of GFP-positive fibres in the dCST compared to the other AAV serotypes or the lentiviral vector. GFP-positive fibres were observed running through the dCST of the cervical spinal cord, but not in the dCST of the thoracic or lumbar spinal cord. This was expected as the viral injections were targeted to the forelimb area of the sensorimotor cortex, resulting in the GFP-positive fibres leaving the spinal cord as collaterals before reaching the thoracic or lumber spinal cord. In the present study rats transduced with AAV2, 5, 6 and 8 showed only moderate numbers of GFP-positive fibres in the dCST of the cervical spinal cord. However, Foust et al., (2008) reported extensive GFP expression in the cervical dCST following injection of AAV5 into the sensorimotor cortex. The disparity between these results could be due to differences in viral titre, injection location or the promoter used to drive GFP expression. Furthermore Foust et al., (2008) did not quantify the number of GFP-positive fibres in the dCST making a direct comparison difficult. The integration-deficient lentiviral vector demonstrated low numbers of GFP-positive fibres in the dCST. This is in disparity with the study by Rahim et al., (2009), which showed numerous GFP-positive fibres in the dCST [@R16]. Although Rahim et al., (2009) did not quantify the number of GFP-positive fibres, this visual discrepancy could be due to differences in the promoter, viral titre, injection location, or post injection incubation time. In the present study rats transduced with AAV3 and 4 did not show any GFP-positive fibres in the dCST, which is probably the result of low numbers of transduced CSNs in the sensorimotor cortex. As one might expect, a significant positive correlation was observed between the number of transduced CSNs and the number of GFP-positive CST fibres. A similar correlation was observed between transduced neurons in the red nucleus and transduced fibres of the rubrospinal tract using the same AAV serotypes [@R35].

We also assessed the extent of glial transduction. Although it has been shown that AAV serotypes 1, 2, 5, 6 and 8 have a neuronal tropism, recent studies have discovered two AAV serotypes with a glial cell tropism [@R43],[@R44]. Lentiviral vectors have also been shown to transduce both neurons and glia [@R31],[@R35]. Compared to the number of transduced neurons the number of transduced glial cells was low, suggesting that the viral vectors assessed in our study do not possess a marked glial cell tropism. The lentiviral vector transduced the highest number of astrocytes, which is consistent with previous studies using VSV-G pseudotyped lentiviral vectors as VSV-G has been demonstrated to facilitate entry into practically all cell types tested [@R31],[@R35],[@R45],[@R46]. However, the number of transduced astrocytes was very small compared to the number of cortical neurons, which is consistent with a recent study that identified a strong neuronal tropism for VSV-G pseudotyped lentiviral vectors [@R16]. AAV1 also transduced a higher number of astrocytes compared to the other AAV vectors; however this was also a very small number in comparison to the number of neurons that AAV1 transduced. AAV3 and 4 failed to transduce any astrocytes and continued to demonstrate a low transduction efficacy for all CNS cell types.

Even though AAV and lentiviral vectors have been reported to induce a minimal immune response [@R16],[@R47]-[@R49], we investigated whether any of the viral vectors generated a microglial response. Analysis of the results determined that beyond the needle track, there was no significant difference in the relative number of microglia between any of the viral vectors.

AAV8 consistently transduced a number of cells in the corpus callosum. Following staining for oligodendrocytes a number of dual reactive cells were observed, although the high level of background staining meant it was not feasible to quantify the number of transduced cells. The high background staining may be due to unspecific staining by the antibody or potentially due to issues with the perfusion and fixation process. Nevertheless, this result demonstrates that AAV8 has a potential oligodendrocyte tropism, which is consistent with a recent study, which revealed the capacity of AAV8 to transduce oligodendrocytes when using a myelin basic protein (MBP) promoter [@R43].

Differences in tropism and transduction efficiency between viral serotypes are a result of differences in viral capsid proteins and their receptor binding properties. The VSV-G pseudotyped lentiviral vector has been demonstrated to have an extremely broad tropism although the identity of the cell receptor recognised by the VSV-G glycoprotein still remains controversial [@R50]. Alpha2,3 and alpha2,6 sialic acids present on N-linked glycoproteins have been demonstrated to facilitate transduction and are the primary receptors for AAV1, 5 and 6 [@R51]-[@R53]. Alpha2,3 sialic acids have been shown to be expressed by embryonic rat cortical neurons [@R54], which may in part explain why AAV1 and 5 were the best at transducing cortical neurons. However, the fact that the transduction properties of these vectors still differed significantly may be explained because in addition to receptor binding, the intracellular trafficking and processing of the vector following cell entry may also affect tropism and transduction efficiency [@R55],[@R56].

In conclusion, the findings presented here should facilitate the design of future gene therapy studies targeting the CST. This is important as the CST is extensively used as a model system for assessing potential therapies following SCI. Engineering targeted viral vectors with cell specific promoters should further improve specificity, potentially allowing the generation of viral vectors capable of cell type specific gene therapy and providing an alternative to transgenic animals when studying gene function.

Materials and methods {#S12}
=====================

Viral vector production and titring {#S13}
-----------------------------------

AAV vectors encoding GFP under the control of the cytomegalovirus (CMV) promoter, combined with a woodchuck posttranscriptional regulatory element (WPRE) to enhance transgene expression, were generated using the pTRCGW AAV vector backbone. The AAV vector transgene cassette was flanked by non-coding ITRs, which were the only wild-type viral sequences present. The AAV vectors were pseudotyped with AAV capsid serotype 1, 2, 3, 4, 5, 6 or 8. Following production, the AAV vectors were titred using quantitative PCR to determine the number of genomic copies (GCs) and an infection assay on 293T cells was conducted to verify infectivity. Prior to stereotactic injection all the AAV vector serotypes were titre matched to 6.6×10^11^ GC/ml using PBS (Invitrogen, UK) containing 5% sucrose (Sigma, UK). See the following references for details on AAV vector composition and production [@R35],[@R57]-[@R59].

The integration-deficient lentiviral vectors pseudotyped with the VSV-G envelope glycoprotein were produced as previously described [@R15],[@R60]. Briefly lentiviral vectors were generated by transient transfection of HEK293T cells with the pMD2.VSV-G, pRSV.REV and pMDLg/pRREintD64V packaging plasmids and the shLENTImax transfer plasmid, which contains two expression cassettes. The first encoding GFP under the control of a CMV promoter and a WPRE and the second containing a H1 promoter and an empty multiple cloning site. The harvested HEK293T cell medium was centrifuged at 690 × g for 10 minutes at room temperature and then filtered through a 0.22 μm filter (Nalgene, Rochester, NY, USA) to remove cell debris. The filtered medium was then harvested and transferred to high speed polyallomer centrifuge tubes (Beckman, Brea, CA, USA) and centrifuged at 50 000 × g in a SW32Ti rotor (Beckman, USA) for 2 hours at 4°C. The vector was then resuspended in DMEM, centrifuged at 1400 × g for 10 minutes and incubated with 5 u/ml DNaseI (Promega, Madison, WI, USA) and 10 mM MgCl~2~ (Sigma, Gillingham, Dorset, UK) for 30 minutes. The vector was then aliquoted and stored at −80°C. The lentiviral titre, determined by serial dilution and transduction of HeLa cells followed by flow cytometry as previously described [@R15], was 1×10^8^ transducing units/ml.

Intracortical injections {#S14}
------------------------

All procedures were carried out in accordance with the UK Animals (Scientific Procedures) Act 1986 and approved by the local veterinarian and ethical committee. Surgery was done using a random block design and 3 rats per viral vector. The viral vector injections were carried out by an experimenter blinded to the vector being administered. Adult Sprague Dawley rats (Harlan, UK) weighing between 180-200 g were anesthetised with an intraperitoneal injection of 0.5 mg/kg Domitor (medetomidine hydrochloride) and 100 mg/kg Vetalar (ketamine hydrochloride). Once anesthetised, 0.05 mg/kg atropine sulphate was administered subcutaneously, the head was shaved, sterilised and then placed into a stereotaxic frame (David Kopf Instruments, Tujunga, CA, USA). The incisor bar was lowered 2 mm below the horizontal plane so that the heights of Lambda and Bregma were equal and the surface of the skull was flat [@R61]. Following a midline incision, the skin and periosteum were retracted to expose Bregma. Six holes were drilled through the skull above the left sensorimotor cortex using coordinates reported in a microstimulation mapping study relative to Bregma, midline and the brain surface [@R62],[@R63] defined as anterior--posterior (AP), medial--lateral (ML), dorsal--ventral (DV): 1^st^: 3.5 mm ML, − 0.5 mm AP, DV − 2 mm2^nd^: 3.5 mm ML, + 0.5 mm AP, DV − 2 mm3^rd^: 3.5 mm ML, + 2 mm AP, DV − 2 mm4^th^: 2.5 mm ML, + 1.5 mm AP, DV − 2 mm5^th^: 2.5 mm ML, + 0.5 mm AP, DV − 2 mm6^th^: 1.5 mm ML, + 1 mm AP, DV − 2 mm

A glass micropipette was placed onto a 1 μl Hamilton syringe (Hamilton, Reno, NV, USA) and loaded with 1 μl of viral vector. Taking measurements from the skull surface the tip of the micropipette was lowered 1 mm into the hole and then lowered a further 2 mm into the sensorimotor cortex and 0.5 μl of viral vector injected without the use of a perfusion pump. Successful vector expulsion was confirmed by monitoring the volume left in the micropipette. Occasionally, for successful viral expulsion the micropipette tip would be required to be raised fractionally. Once a successful expulsion was visually confirmed the micropipette was left in place for 1 minute to allow the viral vector to diffuse from the injection site. The micropipette was then removed, positioned over the second hole and the second 0.5 μl of viral vector injected. Using the same micropipette tip, the process was then repeated until the 6 injections were complete.

Intraspinal injections {#S15}
----------------------

To label CSNs intraspinal injections of a retrograde tracer was administered immediately following completion of the intracranial viral injections. The cervical spinal cord was exposed by laminectomy and 0.25 μl of the fluorescent retrograde tracer Fast Blue (Sigma, UK) diluted to 2% in PBS (Invitrogen, Paisley, Renfrewshire, UK) was injected into the spinal cord, bi-laterally between spinal levels C1 and C2. The micropipette was left in place for 1 minute following each injection to allow for diffusion. Following surgery, rats were placed into an incubator at 37°C and 1 mg/kg Antisedan (atipamezole hydrochloride) was administered intramuscularly. Once awake, 0.01 mg/kg buprenorphine was administered subcutaneously for post-operative analgesia.

Histology {#S16}
---------

8 weeks post-injection, animals were terminally anaesthetised by intraperitoneal injection of 400 mg/kg Lethabarb (sodium pentobarbital) and transcardially perfused with PBS (pH 7.4) followed by 4% paraformaldehyde in PBS. The brain and spinal cord were dissected, post-fixed in 4% paraformaldehyde for 2 hours at 4°C and cryoprotected in 30% sucrose for 5 days at 4°C. Brain and spinal cord tissue was then blocked in gelatin and placed in 4% paraformaldehyde in PBS overnight to harden. To allow tissue from each brain to be stained for several different cell types, the brains were cut rostro-caudally into 50 μm coronal serial sections using a freezing microtome (Leitz, Wetzlar, Germany) and collected into ten series in a 24-well plate containing PBS and 0.1% sodium azide (Sigma, UK). The spinal cords were cut rostro-caudally into 40 μm transverse or horizontal serial sections and stored in the same manner.

Immunohistochemistry {#S17}
--------------------

Brain sections were washed 3 times for 5 minutes in PBS and double stained with a monoclonal mouse antibody against GFP (1:500, UC Davis/NIH NeuroMab Facility, USA) and one of the following cell specific antibodies: A red fluorescent Nissl stain (1:200, Neurotrace, Invitrogen, UK) to label neurons, a polyclonal rabbit antibody against glial fibrillary acidic protein (GFAP) (1:500, Dako, Ely, Cambridgeshire, UK) to label astrocytes, a polyclonal rabbit antibody against ionized calcium binding adaptor molecule 1 (Iba1) (1:1000, Wako, Neuss, Germany) to label microglia or a monoclonal rabbit anti-adenomatous polyposis coli (APC) (1:250 Ab-7, EMD chemicals, Gibbstown, NJ, USA) to label oligodendrocytes. Sections were incubated with the primary antibodies diluted in PBS with 10% normal goat serum (NGS) (Invitrogen, UK) and 0.3% Triton X-100 (Sigma, UK) for 24 hours on a shaker at room temperature. The primary antibodies were removed and the sections washed 3 times for 5 minutes in PBS and incubated with goat anti-mouse Alexa Fluor 488 and goat anti-rabbit Alexa Fluor 546 secondary antibodies (1:1000, Invitrogen, UK) for 2 hours on a shaker at room temperature. The sections were then washed 3 times for 5 minutes in PBS, mounted and coverslipped. Spinal cord sections were stained using the same procedure except they were stained using only the monoclonal mouse antibody against GFP (1:500, UC Davis/NIH NeuroMab Facility, USA) followed by the goat anti-mouse Alexa Fluor 488 secondary antibodies (1:1000, Invitrogen, UK).

Imaging and quantification {#S18}
--------------------------

Analysis was carried out by an experimenter blinded to the viral vector being analysed. Mosaic images were captured using a Zeiss Axio Imager.Z1 fluorescent microscope (Carl Zeiss, Welwyn Garden City, Hertfordshire, UK) using a ×10 or ×20 objective. The images were converted to a Zeiss Viewer Image (.ZVI) file format and analysed using AxioVision v4.8 image analysis software (Carl Zeiss, UK). Each brain was cut into ten series, thus the number of cells counted from one series only represents approximately a tenth of the whole brain. Therefore each number was then multiplied by ten to adjust for the number of series that were cut and to give an estimate for the number in the whole brain.

The number of transduced cortical neurons or astrocytes was determined by manually counting the number of Nissl and GFP or GFAP and GFP-positive cells in the injected cortex of each section, in one series of stained tissue, for each rat. The mean number of transduced cortical neurons or astrocytes for each viral vector was calculated by averaging the total number of transduced cortical neurons or astrocytes counted from the three rats that were injected with the same viral vector.

The mean area of transduction per section for each viral vector was measured using Axiovision v4.8 by manually outlining the area that contained GFP-positive cells in the injected cortex of each section in one series of stained tissue for each rat.

The mean GFP intensity per transduced neuron was measured for each viral vector using Axiovision v4.8. The soma of 20 randomly selected, transduced neurons was manually outlined in the injected cortex of each section in one series of stained tissue for each rat. To minimise variability between images the capture setting were fixed throughout the study.

The number of transduced CSNs was determined by manually counting the number of GFP and Fast Blue positive neurons in the injected cortex of each section in one series of stained tissue for each rat. The mean number of transduced CSNs for each viral vector was calculated by averaging the total number of transduced CSNs counted from the three rats that were injected with the same viral vector. The percentage of CSNs transduced relative to the total number of retrogradely traced CSNs in the injected cortex was calculated by dividing the total number of GFP and Fast Blue positive cells by the total number of Fast Blue positive cells in the injected cortex, multiplied by one hundred. The percentage of CSNs transduced relative to the number of retrogradely traced CSNs in area of transduction was calculated by dividing the total number of GFP and Fast Blue positive cells by the number of Fast Blue positive cells in the region of transduction, multiplied by one hundred.

The number of transduced CST fibres at the C1 spinal cord level was determine by manually counting the number of GFP positive fibres in the dCST of each rat. The mean number of transduced CST fibres for each viral vector was determined by averaging the section containing the highest number of transduced neurons from the three animals that were injected with the same viral vector.

The relative number of microglia within the area of transduction was determined by manually counting the number of Iba1 positive cells in an 800 μm × 900 μm box placed over the area of transduction and in an 800 μm × 900 μm box placed over the same location in the uninjected cortex of each section, in one series of stained tissue, for each rat. We then calculated as a percentage, the number of microglia in the area of transduction relative to the contralateral cortex. The mean for each series of stained tissue was then calculated followed by the mean for the three rats that were injected with the same viral vector. We observed enhanced Iba1 immunoreactivity along the needle track, which was consequently avoided for quantification. We also observed some variability in the Iba1 staining between animals. However, using the uninjected cortex as an internal control and calculating the relative number of microglia between the two hemispheres should control for this variability.

Statistical analysis {#S19}
--------------------

Statistical analysis was carried out using SPSS 17.0 (SPSS Inc, Chicago, IL, USA). A threshold level of significance (α) of 0.05 was selected. Graphs and values represent means ± standard errors of the mean, *n* = 3/group. The Kolmogorov-Smirnov and Levene\'s tests were used to test for normality and the equality of variances. A one-way ANOVA was used to test for differences among the groups followed by Tukey post-hoc testing to analyse the effects between groups. The Pearson product-moment correlation coefficient was used to measure the correlation between the number of transduced CSNs and number of GFP-positive CST fibres.
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![Overview of the experiment. (A) Schematic showing the rodent CST originating from the pyramidal CSNs in layer V of the sensorimotor cortex, decussating at the spinomedullary junction, forming the main dCST and the dlCST and vCST minor components. Rats received six unilateral viral vector injections into the sensorimotor cortex to transduce the CSNs and bilateral C1/C2 intraspinal injections of the retrograde tracer Fast Blue to label the CSNs. (B) Image showing transduced, retrogradely labelled CSNs. (C) Image showing GFP-positive CST fibres in the contralateral dCST of the cervical spinal cord.](ukmss-34441-f0001){#F1}

![Transduction of cortical neurons by seven AAV serotypes and an integration-deficient lentiviral vector. (A) Quantification of transduced cortical neurons; GFP and Nissl positive neurons were counted and the mean number of transduced neurons plotted for each viral vector. Values represent mean and SEM, analysis was performed using one way ANOVA with Tukey post-hoc tests \* *P* \< 0.05, *n* = 3/group. Asterisk indicates a key significant comparison; the complete set of significant comparisons is described in Results. (B) GFP and Nissl stained cortical hemisphere of an AAV1 injected rat, exhibiting extensive transduction of the cortical layers. Scale bar: 600 μm. (C) Higher-magnification images of the GFP and Nissl stained injection sites from rats transduced with the AAV serotypes or lentiviral vector. All the viral vectors transduced cortical neurons. Scale bar: 100 μm.](ukmss-34441-f0002){#F2}

![The mean area of transduction per section and the mean GFP intensity per neuron for each viral vector. (A) Quantification of the mean area of transduction per section was determined for each viral vector. AAV1 transduced a significantly larger area of cortex per section than the other viral vectors. Values represent mean and SEM, analysis was performed using one way ANOVA with Tukey post-hoc tests \* *P* \< 0.05, *n* = 3/group. Asterisk indicates a key significant comparison; the complete set of significant comparisons is described in Results. (B) The mean GFP intensity per neuron was measured by outlining the soma of 20 randomly selected neurons per section for each rat. The mean GFP intensity per neuron was not significantly different between the viral vectors. Values represent mean and SEM, analysis was performed using one way ANOVA, *P* \> 0.05, *n* = 3/group.](ukmss-34441-f0003){#F3}

![Transduction of CSNs by seven AAV serotypes and an integration-deficient lentiviral vector. (A) Quantification of transduced CSNs. The CSNs were labelled using the retrograde tracer Fast Blue. The number of GFP and Fast Blue positive neurons was counted and the mean number of transduced CSNs plotted for each viral vector. AAV1 transduced a significantly higher number CSNs than the other viral vectors. Values represent mean and SEM, analysis was performed using one way ANOVA with Tukey post-hoc tests \*\*\* *P* \< 0.001, \* *P* \< 0.05, *n* = 3/group. (B) Quantification of the percentage of CSNs transduced relative to both the total number of retrogradely traced CSNs and the number of retrogradely traced CSNs in the area of transduction. Compared to the other viral vectors AAV1 transduced a significantly higher percentage of CSNs relative to the total number of CSNs or the number of CSNs within the area of transduction. Values represent mean and SEM, analysis was performed using one way ANOVA with Tukey post-hoc tests \*\*\* *P* \< 0.001, \* *P* \< 0.05, *n* = 3/group. Asterisks show a subset of key significant comparisons; the complete set of significant comparisons is described in Results. (C) High magnification images of AAV1 transduced CST projecting pyramidal CSNs from different animals. Scale bars: 50 μm.](ukmss-34441-f0004){#F4}

![GFP-positive fibres in the dCST of the cervical spinal cord. (A) Quantification of transduced fibres in the dCST at spinal level C1. GFP-positive fibres were counted and the mean number plotted for each viral vector. Values represent mean and SEM, analysis was performed using one way ANOVA with Tukey post-hoc tests \* *P* \< 0.05, *n* = 3/group. (B) When the viral vectors were compared using the Pearson correlation coefficient a significant, positive correlation (R^2^ = 0.88) was observed between the number of transduced CSNs and the number of GFP-positive CST fibres. (C) Images of GFP-positive fibres in the contralateral dCST at C1 from rats transduced with the AAV serotypes or lentiviral vector. GFP-positive axon collaterals can be seen entering the grey matter in the images of AAV5 and 6. Scale bar: 150 μm.](ukmss-34441-f0005){#F5}

![GFP-positive fibres in the dCST of the cervical spinal cord. (A) The spinomedullary junction of an AAV1 injected rat showing a GFP-positive fibre decussating from the ipsilateral ventral medullary pyramid across the midline and dorsally to the contralateral dCST. Scale bar: 500 μm. Inset shows a higher-magnification image of the decussating GFP-positive fibre. Scale bar: 100 μm. (B) Numerous GFP-positive fibres are observed in the contralateral dCST at spinal level C1 of an AAV1 injected rat. Scale bar: 500 μm. Inset shows a higher-magnification image of the GFP-positive fibres in the dCST. Scale bar: 150 μm. (C) Cervical spinal cord from an AAV1 injected rat, sectioned in the horizontal axis at the level of the dCST, reveals GFP-positive fibres running the length of the section in the contralateral dCST. WM: White matter; GM: Gray matter. Scale bar: 500 μm. (D) Higher-magnification image of box in (C) shows GFP-positive fibres running through the dCST and collaterals entering the grey matter. Scale bar: 100 μm. (E) No GFP-positive fibres were observed in the dCST of the thoracic spinal cord. Scale bar: 150 μm. (F) No GFP-positive fibres were seen in the dCST of the lumbar spinal cord. Scale bar: 150 μm.](ukmss-34441-f0006){#F6}

![Viral vectors did not exhibit a strong astrocytic tropism. (A) Quantification of transduced astrocytes in the injected cortical hemisphere. GFP and GFAP positive cells were counted and the mean number of transduced astrocytes plotted for each viral vector. Values represent mean and SEM, analysis was performed using one way ANOVA with Tukey post-hoc tests \* *P* \< 0.05, *n* = 3/group. (B) A GFP and GFAP stained cortical hemisphere from an AAV1 transduced rat. Enhanced GFAP staining can be observed along the needle track (arrow). Scale bar: 500 μm. (C) Higher-magnification image of box in (B) showing the viral injection site and the enhanced GFAP staining around the needle track (arrow). Scale bar: 150 μm. (D) Higher-magnification image of box in (C) showing a transduced, GFAP positive astrocyte (arrow). Scale bar: 25 μm.](ukmss-34441-f0007){#F7}

![The viral vectors did not generate a microglial response. (A) An Iba1 stained cortex from an AAV1 transduced rat. No observable difference in Iba1 immunoreactivity was seen between the two hemispheres. The 800 μm × 900 μm boxes used to quantification the number of microglia are shown. Scale bar: 500 μm. (B) Higher-magnification image of the 800 μm × 900 μm box from the uninjected hemisphere in (A). Scale bar: 200 μm. (C) Higher-magnification image of the 800 μm × 900 μm box from the injected hemisphere in (A). (D) Higher-magnification image of the needle track in (A, arrow) showing enhanced Iba1 staining along the needle track as indicated by the arrow. (E) Quantification of the relative number of microglia within the area of transduction. The number of Iba1 positive cells in an 800 μm × 900 μm box placed over each hemisphere was counted, the relative number of microglia, expressed as a percentage of the contralateral hemisphere was then calculated and plotted for each viral vector. Values represent mean and SEM, analysis was performed using one way ANOVA *P* \> 0.05, *n* = 3/group.](ukmss-34441-f0008){#F8}

![AAV8 exhibits a potential oligodendrocyte tropism. (A) Cortical hemisphere of an AAV8 transduced rat stained with APC to detect oligodendrocytes. Transduced oligodendrocytes were observed in the white matter tract, although high background staining made quantification unfeasible. Scale bar: 500 μm. (B) Higher-magnification image of box in (A). The left box shows APC positive oligodendrocytes, the middle box shows transduced GFP-positive cells and the right box is a merged image, yellow cells represent transduced APC positive oligodendrocytes (arrows). Scale bar: 50 μm.](ukmss-34441-f0009){#F9}
